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Chapter 1
Introduction
Stress corrosion cracking (SCC) is a process of crack initiation and subcritical crack growth of susceptible alloys in
corrosive environment under the influence of tensile stress or strain [1]. SCC can manifest itself as intergranular
(along the grain boundaries), transgranular (through the grains) cracks or can include both types of cracks. The first
form is referred to as intergranular stress corrosion cracking (IGSCC) while the second type as transgranular stress
corrosion cracking (TGSCC). SCC has been detected in sensitized stainless steels (SS) as early as 1961, afterwards
in SS weld piping in 1970s and in boiling water reactor (BWR) internals during 1980s. It has been observed in a
variety of materials (e.g. Ni-based alloys, 304L, 316L, SA 453 Grade 660 ) and components (e.g. steam generator
tubes, pressurizer sleeves, control road drive mechanism penetration nozzles, welds and steam generator divider
plates).
SCC can importantly contribute to degradation of components in nuclear power plants. For example, a leak in
the penetration to the pressure vessel head, caused by SCC, was discovered in 1991 at the Bugey 3 Nuclear Power
plant in France. The main crack initiated in Alloy 600 base metal and propagated into the Alloy 182 weld metal [2]. In
the U.S. the through wall cracking was found in three control rod drive mechanism (CRDM) nozzles at Davis-Besse
Nuclear Power Station in 2002 [3].
The basic SCC degradation mechanism initiates at a very small scales. At these scales the microstructure of the
material plays a significant role. This role is still not fully understood. In recent years we have observed the advent
of new experimental techniques such as differential aperture X-ray microscopy [4], 3D X-ray diffraction microscopy
(3DXRD) [5] and X-ray diffraction contrast tomography (DCT) [6, 7]. Through these techniques grain shapes and
orientations can be measured non-destructively and even crack initiation and growth can be monitored [8]. These
techniques can be combined with advanced grain-level models to better understand the damage mechanisms and
the role of the microstructure. Finite element (FE) modeling approach is extensively used for developing grain-level
models of microstructure. Researchers are now able to reconstruct as-measured steel structure in a finite element
model [9, 10, 11]. Several issues like for example constitutive behavior of bulk grains and grain boundaries are,
however, still being investigated. One approach for modeling grain boundaries is cohesive zone approach where
the grain boundary is modeled using traction-separation response. However, there are certain issues relating to the
accuracy and performance of these elements. This work documents these issues and presents them in the context of
grain-level finite element models of microstructure. Both analytical and as-measured microstructures are employed.
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Chapter 2
Cohesive zone approach for grain
boundaries
Experimental observations [12] show that a cohesive-zone approach [13] is an appropriate way of modeling the
grain boundary constitutive response. In FE method the cohesive-zone approach is typically implemented by using
cohesive-zone elements. Since a grain boundary thickness is significantly smaller compared to the grain size, zero-
thickness cohesive elements can be used. For very thin and zero-thickness layers cohesive elements based upon
a traction-separation response are recommended [14]. A typical traction-separation response of such an element is
shown in Fig. 2.1.
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Figure 2.1: Example of traction-separation response (not to scale).
The strains  in the cohesive elements are defined using the constitutive thickness of the cohesive element T0
(mostly different from the geometric thickness which is typically close or equal to zero) and the separations of the
element nodes δ as compared to their initial unloaded positions, Eq. (2.1).
n
s
t
 = 1T0

δn
δs
δt
 (2.1)
The indices n, s and t denote the normal and two orthogonal shear directions of the cohesive element. The normal
direction always points out of the plane of the cohesive element. The tractions on the cohesive elements are then
given by Eq. (2.2).
tn
ts
tt
 =
 Knn ·D(δ) 0 00 Kss ·D(δ) 0
0 0 Ktt ·D(δ)


n
s
t
 (2.2)
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where D(δ) stands for damage evolution, defined by Eq. (2.3) for the normal direction (and both shear directions).
D(δ) =
 0 ; δ < δ
0
n
δfn(δ−δ0n)
δ(δfn−δ0n)
; δ ≥ δ0n
 (2.3)
The actual load-carrying capability of the cohesive element in the normal direction would then be [1−D(δ)]Knn and
correspondingly for the two shear directions. Various damage evolution laws can be used, however, due to simplicity
the damage evolution resulting in linear stiffness decrease, Eq. (2.3), is used in this work.
Chapter 3
Cohesive elements issues
3.1 Stresses in the normal direction
In this section we explore the response of the cohesive elements in their normal direction. A normal direction is
defined as a through-thickness direction and is perpendicular to the element’s main faces (Face 1 and Face 2), see
Fig. 3.1.
Figure 3.1: Faces of the cohesive elements [14].
Given the stress tensor σij a stress vector pi on a given plane nj is defined by Eq. (3.1).
pi = σij · nj (3.1)
Normal stress σn on the same plane nj is then given by Eq. (3.2).
σn = pi · ni (3.2)
Therefore, if the stress tensor within the cohesive element is known, we can compute the normal stress as we know
the planes(≡ faces) of the cohesive element.
3.1.1 Simple 3D Y model
Let us have a cuboid, divided into three grains as depicted in the Fig. 3.2 by the three colors. Let us put 100 MPa
of tensile stress on the top and the bottom surface and 200 MPa of tensile stress on the left and right surface. Let
7
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us constrain the front and the back surface in the Z direction, resulting in 33=0. Furthermore, let us assume that we
are dealing with homogeneous, isotropic elastic material with Young modulus E=200 000 MPa and Poisson ratio of
ν=0.3. For a homogeneous, isotropic elastic material Eqs. (3.3,3.4) relate the strains to the stresses.
X
Y
Z
100 MPa
200 MPa
Grain 1
Grain 2
Grain 3
Figure 3.2: A simple Y model.
σ11 =
E
1 + ν
11 +
Eν
(1 + ν)(1− 2ν) (11 + 22 + 33) (3.3)
σ22 =
E
1 + ν
22 +
Eν
(1 + ν)(1− 2ν) (11 + 22 + 33) (3.4)
σ33 =
E
1 + ν
33 +
Eν
(1 + ν)(1− 2ν) (11 + 22 + 33) (3.5)
From Eqs. (3.3,3.4), expressions Eqs. (3.6,3.7) can be derived as 33=0 due to the boundary conditions. Using
σ11=200 MPa and σ22=100 MPa we obtain values 22 = 6.5 · 10−5 and 11 = 7.15 · 10−4. Inserting these two values in
Eq. (3.5) we obtain σ33=90 MPa.
22 =
σ11(1 + ν)(1− 2ν)− σ22 (1+ν)(1−2ν)(1−ν)ν
Eν − E (1−ν)2ν
(3.6)
11 =
σ22(1 + ν)(1− 2ν)− 22E(1− ν)
Eν
(3.7)
The resulting stress tensor is given by Eq. (3.8).
σij =
 200 0 00 100 0
0 0 90
 MPa (3.8)
The boundaries between the grain are defined with the vectors, normal to the planes of the grain boundaries.
nGrain1Grain2 = ±
 11
0
 · 1√
2
(3.9)
nGrain2Grain3 = ±
 -11
0
 · 1√
2
(3.10)
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nGrain1Grain3 = ±
 10
0
 · 1√
2
(3.11)
Since we know the stress tensor and the normals for these three planes, we can compute the stresses in the
normal direction for each of them. For the plane between the Grain1 and Grain2 the stress vector on the plane, p,
and the normal stress, σn, are given by Eq. (3.12) and Eq. (3.13).
Grain1Grain2 : p =
 200 0 00 100 0
0 0 90
 · (±)
 11
0
 · 1√
2
= ±
 200100
0
 · 1√
2
MPa (3.12)
Grain1Grain2 : σn = pi · ni = 150MPa (3.13)
Similarly, we obtain the following normal stress values for the other two planes:
Grain2Grain3 : σn = 150MPa (3.14)
Grain1Grain3 : σn = 200MPa (3.15)
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Figure 3.3: Normal stresses in the cohesive elements. Triangular prisms (left) and rectangular prisms (right) cohesive
elements. Variation in stress at the Y triple points can be observed for the triangular prism cohesive elements. Bottom
row indicates the type of the cohesive element.
Fig. 3.3 displays the normal stresses in the cohesive elements as calculated from the ABAQUS FE models. The
physical thickness of the cohesive elements is zero. On the left hand side triangular prism cohesive elements are
used, whereas on the right hand side rectangular prism cohesive elements are used. One can see that in the case
of triangular prisms there is a variation in the normal stress for a given plane, in particular at the Y triple points. For
the rectangular prism cohesive elements no such variations are observed and the values from the FE model match
exactly with the theoretically computed values.
3. Cohesive elements issues 10
Symmetric geometries, symmetric meshes
In this section the effect of different meshes on the computed normal stresses is presented. The geometry is the
same as in Fig. 3.2, with no surface partitioning, see Fig. 3.4. Tables 3.1, 3.2, 3.3 and 3.4 show the corresponding
results. One can see that:
1. Only a conformal mesh with hexahedra cohesive elements results in constant normal stresses on the grain
boundaries.
2. Prism cohesive elements result in deviations from the theoretical normal stresses at the triple line between the
three grains.
(a) Increasing the mesh density alleviates the problem to a certain extent.
(b) Non-conformal mesh exacerbates the problem.
Z
X
Y
Z
X
Y
Z
X
Y
Z
Y
Z
X
Y
Z
Grain 1 Grain 2 Grain 3
Figure 3.4: Grain geometry with no surface partitioning.
Symmetric geometries, mostly symmetric meshes
In this section the basic geometry is the same as in Fig. 3.2, however, surface partitioning is introduced to the
grains, see Fig. 3.5. The effect of surface partitioning is important since a real steel structure contains extremely
complex grain shapes whose surfaces are reconstructed with triangles in 3D space, see Fig. 3.6. Table 3.5 shows
the corresponding results.
Z
X
Y
Z
X
Y
Z
X
Y
Z
Y
Z
X
Y
Z
Grain 1 Grain 2 Grain 3
Figure 3.5: Grain geometry with surface partitioning.
Comparing the results to the the ones in the Table 3.3 where the same mesh density is used with the same
structural and cohesive elements, one can see that:
1. Surface partitioning results in larger deviations at the same mesh density.
2. Increasing the mesh density alleviates the problem to a certain extent.
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Case: 800K
Grain 1: 21 916 triangles
Wire: 798 121 triangles
Figure 3.6: An example of a measured grain shape.
Non-conformal mesh comparison
Once the damage initializes in the cohesive elements, the size of cohesive elements begins to plays a significant role.
A process zone (often called also a cohesive zone) develops in front of the crack. To be able to capture the crack
evolution properly, the cohesive elements should be smaller than the process zone [15]. For a constant failure stress
the process zone length is given by Eq. (3.16) [16]. On the other hand, when the failure stress varies linearly within
the cohesive zone, the process zone length is given by Eq. (3.17) [17].
α =
pi
8
(
KI
t0n
)2
(3.16)
α =
9pi
32
(
KI
t0n
)2
(3.17)
If we use KIc=50 MPa m
1
2 and t0n=205 MPa, Eq. (3.16) results in a requirement that the cohesive element size is
smaller than α=2.3E-2µm. This is an extremely small element size which results in an enormous number of finite
elements if a conformal mesh is used. A denser mesh of the cohesive layer compared to the surrounding bulk grain
mesh would be preferred. This is also recommended by [14]. However, we have already seen that a non-conformal
mesh results in higher deviations from the theoretical normal stresses at the triple lines between the grains, see
Tables 3.2 and 3.4.
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Table 3.1: Comparison of hexahedra structural and cohesive element combinations: CONFORMAL MESHES.
Structural elements Cohesive elements Grain mesh Cohesive S33 values
Element type Elements per edge Element type Elements per edge
C3D8R 2 COH3D8 2
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.500e+02
+1.542e+02
+1.583e+02
+1.625e+02
+1.667e+02
+1.708e+02
+1.750e+02
+1.792e+02
+1.833e+02
+1.875e+02
+1.917e+02
+1.958e+02
+2.000e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.334e+02
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
C3D8R 4 COH3D8 4
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_4_COH3D8_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:29:17 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.500e+02
+1.542e+02
+1.583e+02
+1.625e+02
+1.667e+02
+1.708e+02
+1.750e+02
+1.792e+02
+1.833e+02
+1.875e+02
+1.917e+02
+1.958e+02
+2.000e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.266e+02
ODB: Y_3D_C3D8R_4_COH3D8_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:29:17 Central Europe Standard Time 2010
X
Y
Z
C3D8R 8 COH3D8 8
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_8_COH3D8_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:30:07 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.500e+02
+1.542e+02
+1.583e+02
+1.625e+02
+1.667e+02
+1.708e+02
+1.750e+02
+1.792e+02
+1.833e+02
+1.875e+02
+1.917e+02
+1.958e+02
+2.000e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.490e+02
ODB: Y_3D_C3D8R_8_COH3D8_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:30:07 Central Europe Standard Time 2010
X
Y
Z
C3D8R 16 COH3D8 16
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_16_COH3D8_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:31:03 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.500e+02
+1.542e+02
+1.583e+02
+1.625e+02
+1.667e+02
+1.708e+02
+1.750e+02
+1.792e+02
+1.833e+02
+1.875e+02
+1.917e+02
+1.958e+02
+2.000e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.845e+02
ODB: Y_3D_C3D8R_16_COH3D8_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:31:03 Central Europe Standard Time 2010
X
Y
Z
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Table 3.2: Comparison of hexahedra structural and cohesive element combinations: NON-CONFORMAL MESHES.
Structural elements Cohesive elements Grain mesh Cohesive S33 values
Element type Elements per edge Element type Elements per edge
C3D8R 2 COH3D8 2
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.500e+02
+1.542e+02
+1.583e+02
+1.625e+02
+1.667e+02
+1.708e+02
+1.750e+02
+1.792e+02
+1.833e+02
+1.875e+02
+1.917e+02
+1.958e+02
+2.000e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.334e+02
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
C3D8R 2 COH3D8 4
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.276e+02
+1.373e+02
+1.471e+02
+1.569e+02
+1.667e+02
+1.764e+02
+1.862e+02
+1.960e+02
+2.058e+02
+2.155e+02
+2.253e+02
+2.351e+02
+2.449e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.116e+02
ODB: Y_3D_C3D8R_2_COH3D8_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:32:06 Central Europe Standard Time 2010
X
Y
Z
C3D8R 2 COH3D8 8
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.238e+02
+1.345e+02
+1.452e+02
+1.559e+02
+1.667e+02
+1.774e+02
+1.881e+02
+1.989e+02
+2.096e+02
+2.203e+02
+2.310e+02
+2.418e+02
+2.525e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.639e+02
ODB: Y_3D_C3D8R_2_COH3D8_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:32:42 Central Europe Standard Time 2010
X
Y
Z
C3D8R 2 COH3D8 16
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D8R_2_COH3D8_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:27:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.227e+02
+1.337e+02
+1.447e+02
+1.557e+02
+1.667e+02
+1.777e+02
+1.886e+02
+1.996e+02
+2.106e+02
+2.216e+02
+2.326e+02
+2.436e+02
+2.546e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.613e+02
ODB: Y_3D_C3D8R_2_COH3D8_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:33:10 Central Europe Standard Time 2010
X
Y
Z
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Table 3.3: Comparison of tetrahedra structural and prism cohesive element combinations: CONFORMAL MESHES.
Structural elements Cohesive elements Grain mesh Cohesive S33 values
Element type Elements per edge Element type Elements per edge
C3D4 2 COH3D6 2
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.482e+02
+1.527e+02
+1.573e+02
+1.618e+02
+1.663e+02
+1.709e+02
+1.754e+02
+1.800e+02
+1.845e+02
+1.890e+02
+1.936e+02
+1.981e+02
+2.026e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.814e+02
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
C3D4 4 COH3D6 4
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_4_COH3D6_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:38:24 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.485e+02
+1.530e+02
+1.574e+02
+1.619e+02
+1.663e+02
+1.708e+02
+1.753e+02
+1.797e+02
+1.842e+02
+1.887e+02
+1.931e+02
+1.976e+02
+2.020e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.292e+02
ODB: Y_3D_C3D4_4_COH3D6_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:38:24 Central Europe Standard Time 2010
X
Y
Z
C3D4 8 COH3D6 8
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_8_COH3D6_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:39:48 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.487e+02
+1.531e+02
+1.575e+02
+1.619e+02
+1.663e+02
+1.708e+02
+1.752e+02
+1.796e+02
+1.840e+02
+1.884e+02
+1.928e+02
+1.972e+02
+2.017e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.210e+02
ODB: Y_3D_C3D4_8_COH3D6_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:39:48 Central Europe Standard Time 2010
X
Y
Z
C3D4 16 COH3D6 16
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_16_COH3D6_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:41:01 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.484e+02
+1.528e+02
+1.573e+02
+1.617e+02
+1.662e+02
+1.706e+02
+1.750e+02
+1.795e+02
+1.839e+02
+1.884e+02
+1.928e+02
+1.972e+02
+2.017e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.061e+02
ODB: Y_3D_C3D4_16_COH3D6_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:41:01 Central Europe Standard Time 2010
X
Y
Z
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Table 3.4: Comparison of tetrahedra structural and prism cohesive element combinations: NON-CONFORMAL MESHES.
Structural elements Cohesive elements Grain mesh Cohesive S33 values
Element type Elements per edge Element type Elements per edge
C3D4 2 COH3D6 2
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.482e+02
+1.527e+02
+1.573e+02
+1.618e+02
+1.663e+02
+1.709e+02
+1.754e+02
+1.800e+02
+1.845e+02
+1.890e+02
+1.936e+02
+1.981e+02
+2.026e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.814e+02
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
C3D4 2 COH3D6 4
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.203e+02
+1.316e+02
+1.430e+02
+1.543e+02
+1.656e+02
+1.769e+02
+1.883e+02
+1.996e+02
+2.109e+02
+2.222e+02
+2.336e+02
+2.449e+02
+2.562e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.453e+02
ODB: Y_3D_C3D4_2_COH3D6_4.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:42:52 Central Europe Standard Time 2010
X
Y
Z
C3D4 2 COH3D6 8
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.141e+02
+1.264e+02
+1.387e+02
+1.511e+02
+1.634e+02
+1.757e+02
+1.880e+02
+2.003e+02
+2.126e+02
+2.249e+02
+2.372e+02
+2.495e+02
+2.618e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.440e+02
ODB: Y_3D_C3D4_2_COH3D6_8.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:43:24 Central Europe Standard Time 2010
X
Y
Z
C3D4 2 COH3D6 16
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_C3D4_2_COH3D6_2.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:36:28 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.115e+02
+1.241e+02
+1.367e+02
+1.494e+02
+1.620e+02
+1.746e+02
+1.873e+02
+1.999e+02
+2.126e+02
+2.252e+02
+2.378e+02
+2.505e+02
+2.631e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.115e+02
ODB: Y_3D_C3D4_2_COH3D6_16.odb    Abaqus/Standard 6.10−1    Tue Nov 09 11:44:03 Central Europe Standard Time 2010
X
Y
Z
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Table 3.5: Comparison of tetrahedra structural and prism cohesive element combinations: CONFORMAL MESHES
Structural elements Cohesive elements Grain mesh Cohesive S33 values
Element type Elements per edge Element type Elements per edge
C3D4 2 COH3D6 2
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 14:50:40 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.340e+02
+1.422e+02
+1.503e+02
+1.585e+02
+1.667e+02
+1.748e+02
+1.830e+02
+1.912e+02
+1.994e+02
+2.075e+02
+2.157e+02
+2.239e+02
+2.320e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.783e+02
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 14:50:40 Central Europe Standard Time 2010
X
Y
Z
C3D4 4 COH3D6 4
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 15:10:29 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.339e+02
+1.421e+02
+1.503e+02
+1.585e+02
+1.667e+02
+1.749e+02
+1.830e+02
+1.912e+02
+1.994e+02
+2.076e+02
+2.158e+02
+2.240e+02
+2.322e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.614e+02
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 15:10:29 Central Europe Standard Time 2010
X
Y
Z
C3D4 8 COH3D6 8
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 15:31:04 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.337e+02
+1.419e+02
+1.502e+02
+1.584e+02
+1.667e+02
+1.749e+02
+1.832e+02
+1.914e+02
+1.996e+02
+2.079e+02
+2.161e+02
+2.244e+02
+2.326e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +7.002e+01
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Wed Nov 10 15:31:04 Central Europe Standard Time 2010
X
Y
Z
C3D4 16 COH3D6 16
Step: Step−1
Increment      1: Step Time =    1.000
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Thu Nov 11 10:22:25 Central Europe Standard Time 2010
X
Y
Z
(Avg: 75%)
S, S33
+1.339e+02
+1.421e+02
+1.503e+02
+1.585e+02
+1.667e+02
+1.749e+02
+1.831e+02
+1.913e+02
+1.995e+02
+2.077e+02
+2.159e+02
+2.241e+02
+2.323e+02
Step: Step−1
Increment      1: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.000e+00
ODB: Y_3D_Symm.odb    Abaqus/Standard 6.10−1    Thu Nov 11 10:22:25 Central Europe Standard Time 2010
X
Y
Z
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(Avg: 75%)
S, Mises
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
+1.054e+02
Grain 1 Grain 2 Grain 3
Figure 3.7: Mises stresses in individual grains with superimposed structural meshes.
In this section we ascertain the deviations for several additional combinations of structural and cohesive elements.
First, Fig. 3.7 shows the Mises stresses for the grains. These are equal to the theoretically expected values from the
stress tensor, Eq. (3.8). The non-conformal mesh had no influence on the computed Mises stresses. Second, the
normal stresses on the grain boundary between the grain 1 and 2 are presented in Fig. 3.8 and Tables 3.6 through
3.8.
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(Avg: 75%)
S, S33
−1.609e+02
−1.577e+02
−1.545e+02
−1.513e+02
−1.481e+02
−1.449e+02
−1.417e+02
−1.384e+02
−1.352e+02
−1.320e+02
−1.288e+02
−1.256e+02
−1.224e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.399e+02
ODB: Y_3D_Symm_Assembly_C3D4_COH3D6_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:42:45 Central Europe Standard Time 2011
X
Y
Z
(Avg: 75%)
S, S33
−1.609e+02
−1.577e+02
−1.545e+02
−1.513e+02
−1.481e+02
−1.449e+02
−1.417e+02
−1.384e+02
−1.352e+02
−1.320e+02
−1.288e+02
−1.256e+02
−1.224e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.120e+02
ODB: Y_3D_Symm_Assembly_C3D4_COH3D8_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:47:42 Central Europe Standard Time 2011
X
Y
Z
2 2
Structural: C3D4. Cohesive: COH3D6. Structural: C3D4. Cohesive: COH3D8.
(Avg: 75%)
S, S33
−1.562e+02
−1.533e+02
−1.505e+02
−1.476e+02
−1.447e+02
−1.419e+02
−1.390e+02
−1.361e+02
−1.333e+02
−1.304e+02
−1.275e+02
−1.246e+02
−1.218e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.200e+02
ODB: Y_3D_Symm_Assembly_C3D10_COH3D6_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:21:11 Central Europe Standard Time 2011
X
Y
Z
(Avg: 75%)
S, S33
−1.562e+02
−1.534e+02
−1.505e+02
−1.476e+02
−1.447e+02
−1.419e+02
−1.390e+02
−1.361e+02
−1.332e+02
−1.304e+02
−1.275e+02
−1.246e+02
−1.217e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +1.913e+02
ODB: Y_3D_Symm_Assembly_C3D10_COH3D8_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:26:54 Central Europe Standard Time 2011
X
Y
Z
2 2
Structural: C3D10. Cohesive: COH3D6. Structural: C3D10. Cohesive: COH3D8.
(Avg: 75%)
S, S33
−1.583e+02
−1.553e+02
−1.523e+02
−1.493e+02
−1.462e+02
−1.432e+02
−1.402e+02
−1.372e+02
−1.342e+02
−1.311e+02
−1.281e+02
−1.251e+02
−1.221e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.652e+02
ODB: Y_3D_Symm_Assembly_C3D10M_COH3D6_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:32:41 Central Europe Standard Time 2011
X
Y
Z
(Avg: 75%)
S, S33
−1.583e+02
−1.553e+02
−1.523e+02
−1.493e+02
−1.462e+02
−1.432e+02
−1.402e+02
−1.372e+02
−1.342e+02
−1.311e+02
−1.281e+02
−1.251e+02
−1.221e+02
Step: Step−1
Increment      6: Step Time =    1.000
Primary Var: S, S33
Deformed Var: U   Deformation Scale Factor: +2.673e+02
ODB: Y_3D_Symm_Assembly_C3D10M_COH3D8_64.odb    Abaqus/Standard 6.11−1    Sat Nov 26 08:37:30 Central Europe Standard Time 2011
X
Y
Z
2 2
Structural: C3D10M. Cohesive: COH3D6. Structural: C3D10M. Cohesive: COH3D8.
Figure 3.8: Normal stresses on the grain boundary between grains 1 and 2. Theoretical normal stress value is
150 MPa. The inserts show the mesh densities with 64 elements per edge seeding. NON-CONFORMAL MESHES.
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One has to bare in mind that the negative sign of the normal stresses is due to the different orientation of the
normal. One can see that at the triple lines between the grains the normal stress is:
1. Grain1 and Grain2: underestimated by ≈30 % no matter which combination of structural and cohesive ele-
ments is used.
2. Grain2 and Grain3: underestimated by ≈30 % no matter which combination of structural and cohesive ele-
ments is used.
3. Grain1 and Grain3: overestimated by ≈25 % no matter which combination of structural and cohesive elements
is used.
The effect of different combination of structural and cohesive elements is therefore quite small.
Element types Computed normal stresses [MPa]
Minimal Maximal
C3D4, COH3D6 -160.9 -122.4
C3D4, COH3D8 -160.9 -122.4
C3D10, COH3D6 -156.2 -121.8
C3D10, COH3D8 -156.2 -121.7
C3D10M, COH3D6 -158.3 -122.1
C3D10M, COH3D8 -158.3 -122.1
Table 3.6: Comparison of extreme normal stresses for different element types. Grain boundary between a) theGrain1
and Grain2 and b) the Grain2 and Grain3. Theoretical value is 150 MPa.
Element types Computed normal stresses [MPa]
Minimal Maximal
C3D4, COH3D6 -255.2 -178.1
C3D4, COH3D8 -255.2 -178.1
C3D10, COH3D6 -253.7 -188.3
C3D10, COH3D8 -253.7 -188.4
C3D10M, COH3D6 -255.0 -184.1
C3D10M, COH3D8 -255.1 -184.1
Table 3.7: Comparison of extreme normal stresses for different element types. Grain boundary between the Grain1
and Grain3. Theoretical value is 200 MPa.
Table 3.8 compares the extreme normal stress values for increasing mesh densities. One can see that the effect
of the increased mesh densities has quite small effect on the computed extreme values of the normal stresses which
still significantly deviate from the theoretical values.
Coh. el. per edge Computed normal stresses [MPa] Computed normal stresses [MPa]
C3D4, COH3D6 C3D10M, COH3D8
Grain1-Grain2 Grain1-Grain3 Grain1-Grain2 Grain1-Grain3
Minimal Maximal Minimal Maximal Minimal Maximal Minimal Maximal
2 -154.0 -127.9 -244.1 -192.1 -163.4 -121.9 -243.2 -169.8
4 -158.4 -123.6 -248.2 -188.6 -172.6 -107.0 -235.0 -157.4
16 -160.7 -122.5 -254.6 -179.0 -160.5 -118.3 -251.7 -189.3
32 -160.9 -122.4 -255.1 -178.3 -158.7 -121.3 -254.1 -185.1
64 -160.9 -122.4 -255.2 -178.1 -158.3 -122.1 -255.1 -184.1
Table 3.8: Comparison of extreme normal stresses for different mesh densities and element types. Grain boundary
between the Grain1 and Grain2: theoretical value is 150 MPa. Grain boundary between the Grain1 and Grain3:
theoretical value is 200 MPa.
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3.1.2 3D Voronoi tessellation
Fig. 3.9 shows a FE model of a structure containing 100 grains. The grain structure is obtained using 3D Voronoi
tessellation through Qhull algorithm [18] and implemented in [19]. Fig. 3.10 displays the computed versus the the-
oretical normal stresses for the cohesive elements at external load of 70 MPa. Isotropic elastic constitutive law is
used. The solid line represents the ideal response. One can observe a significant scatter from the ideal response.
Fig. 3.11 displays the cohesive elements with red color indicating elements with more than 50 % difference between
the theoretical and computed normal stresses. Also here one can observe that a significant scatter exists. Similar
scatter has also been reported in the literature [20].
X
Y
Z
Figure 3.9: FE model of a structure with 100 grains obtained using 3D Voronoi tessellation.
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Figure 3.10: Theoretical and computed normal stresses at integration points of the cohesive elements [11]. Element
size=0.025.
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Figure 3.11: Cohesive elements with more than 50 % difference between the theoretical and computed normal
stresses (in red) [11]. Element size=0.025.
3.1.3 As-measured grain structure
Fig. 3.12 shows a FE model of a 400µm diameter stainless steel wire characterized in 3D by DCT [21]. The data
has been kindly provided by the University of Manchester, Materials Performance Centre, School of Materials and
comprises of 362 grains and some 1600 grain boundaries. Isotropic elastic constitutive law is used for the grains with
the wire loaded in tension by applying tensile axial load of 60 MPa.
Fig. 3.13 displays the computed versus the theoretical normal stresses for the cohesive elements. The solid line
represents the ideal response, the dashed lines indicate ±20 % deviations. Vast majority of the problematic cohesive
elements are located on the triple lines between the grains. The scatter of the normal stresses of the cohesive
elements not lying on the triple lines is significantly smaller, with most values within the ±20 % deviation. Increasing
mesh density helps to alleviate the issue to some degree by reducing the area of the problematic elements. Other
factors such as the stiffness of the cohesive element and its thickness have negligible effect on the scatter [10].
Fig. 3.14 displays the cohesive elements with red color indicating elements with more than 50 % difference between
the theoretical and computed normal stresses.
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Figure 3.12: A FE model of the 400µm diameter stainless steel wire, containing 362 grains.
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Figure 3.13: Theoretical and computed normal stresses at integration points of the cohesive elements [10]. Element
size 10.0µm. Solid line: theoretical response. Dashed lines: ±20 % deviations.
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Figure 3.14: Grain boundaries with problematic cohesive elements highlighted in red [10]. Element size 10.0µm.
Chapter 4
Conclusion
This work highlights some of the issues regarding the application of the cohesive elements for modeling grain bound-
aries with the purpose of capturing intergranular stress corrosion cracking in polycrystalline aggregates. The main
issue relates to the computation of the normal stresses which at the triple lines between the grain boundaries deviate
from the theoretically computed values for a homogeneous, isotropic material. The issues is found in both 3D type
cohesive elements in ABAQUS: COH3D6 and COH3D8. Both conformal and non-conformal meshes were investi-
gated and the issues is observed in both. Also, the effect of different structural elements and different mesh densities
was investigated. Quite small influence of both was found. The only instance where the computed normal stresses
agree well with the theoretical is in the case of a very simple geometry with a conformal and completely symmetric
mesh. This kind of mesh is practically impossible to obtain in the real steel structure. The applicability of the cohesive
elements in this type of application is therefore questionable.
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